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The Interaction Pluysics Branch of the Optical Sciences Division,
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ERCERCE . - —RE T A S




10.

11.

Reporting Period

SEMI-ANNUAL TRCHNTCAL REPCRT

1 Jan 1974 - 30 June 1974

DARPA Order
Program Code No.

Name of Contractor

Effective Date of Contract
Contract Expiration Date
Amount of Contract
Contract No.

Principal Investigator
Telephone No.

Scientific Officer

Title of Work

Sponsored by

2694
4D10

Naval Rasearch Laboiatory
Optical Sciences Division

1 January 1974

Continuing

$125K (¥FY74) $250K (FY75)
N/A

Dr. R. A. Andrews
202-767-3528

Dr. C. M., Stickley

X-Ray Lasers

DEFENSE ADVANCED RESEARCH PROJECTS AGENCY
DARPA Order No.

2694




I. INTRODUCTION

The x-ray laser nrogram at NRL was initiated as an in-house
funded effort in July of 1972, 1Its goal is to demonstrate gain in the
soft x-ray region. The total program is one of several approaches
that look about equally promising of achieving this goal. The guiding
premise is that multiple approaches will be followed until one or
more approaches stand out as being less promising than the others,
a2t which point the program is narrowed and concentrated on the re-
maining approaches. The program was augmented by ARPA support in
January 1974, It is currently a jointly funded program with four
experimental approaches. The ARPA/NRL x-ray laser program currently
consists of the following efforts to achieve gain and/or coherent
radiation in the soft x-ray region:

(1) Electron collisional pumping using picosecond laser pumping
of a cold plasma,

(2) Traveling wave (TW) high energy electron beam pumping,

(3) Nonlinear optical mixing starting with intense 1600 )
radiation,

(4) Resonant charge transfer pumping in a plasma expanding into
neutral helium, and

(5) Theory, analysis, and numerical modeling in support of the
above and other approaches.

All these efiforts are interrelated and,in fact, no one segment
can be separated from the program as an individual, distinct effort.
That is, all of the professionals and experimental facilities are
common to two or more of the program segments. However, for admin-
istrative purposes only,a distinction has been made. Hence upproacies
(1) and (2) have been designated NRL supported efforts, (3) and (4)
ARPA supported efforts, and (5) a jointly supported effort.

This progress report will treat the x-ray laser program in its
entirety, The reasons are many. First, the approaches were selected
as the most promising that would cover all possibilities considering
NRL's expertise and what is being done at other laboratories. Second,
work centers around large laser facilities and the professionals in-
volved are involved with all aspects of the program to some extent.
Third, results from each approach relate to and affect the work on the
otucr app.oaches, Hence in order to present a complete and coherent
picture of the program, this report will cover the entire eftort, The
approaches that were initiated with ARFA suppoit (3, &4, 5 above) will
report six months progress. The other efforts (1, 2, 5 above) will
include background on progress made prior to January 1974,

Manuscript submitted September 27, 1974.
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The x-ray laser program, since it relies heavily on short pulse
lasers and laser plasma interactions, is aided by the work done at NRL
on the larger Laser-Matter Interaction (IMI) program. This program
has been in existence for several years and is supported by the AEC
(laser fusion related experiments) and DNA (laser x-ray generation
experiments). That program centers around the NRL Glass Laser Facility
which was developed under ARPA support (ARPA Order 2062). Experi-
mental results and expertise in the areas of lasers, laser plasmas,

anrd numerical modeling have, in the past, influenced this program and
continue to do so,.

The selection of the above listed approaches in this program is
based not only on analyses of the feasibility of various pumping
~chemes, given today's technology, but on an analysis of potential
applications. Technological limits realistically put the goal of the
program under 1 keV, Generally speaking applications that can be
identified as really needing an x-ray laser depend on two unique char-
acteristics of the potential "laser". These are coherence and ultra
short pulses. Most approaches to an "x-ray laser" are really high
gain single pass ASE devices. This is due to the difficulty of pro=
viding a resonator in this spectral region. ASE devices are of
limited coherence at best and are generally considered incoherent
laser sources. This very important consideration of coherence is the
reason why the nonlinear mixing approach to shorter wavelengths is
being pursued in this program. This technique preserves the coherence
and beam quality of the initial laser,which in this case is a mode-
locked, single transverse mode, Nd:YAG laser. To obtain significant
or ultra high power densities in the soft x-ray region using this
approach, amplifiers will probabli be required somewhere in the cascade
from 1.06 u to the region of 100 A. The hydrogen amplifier at 1600 }
is one very real possibility., The other approaches in this program
offer other possibilities for amplifiers at shorter wavelengths.

The electron collisional pumping and resonant charge *transfer
approaches use two state-of-the-art laser facilities at MRL. Both of
these facilities are described in detail in this report. {1so, both
of these approaches use laser produced plasmas and have goals in the
soft x-ray region., Laser-plasma studies are involved in both of
these approaches., The experiments are gimilar. The experimental
parameters and conditions can easily be varied to study the physics of
either scher2. Tn principle these two efforts could be combined into
a "laser-plasma" approach to achieving gain in the soft X-ray region,

The TW e-beam pumping device is limited to about 1000 £. However
it represents an effort to understand the concept of TW pumping which
is important for short-lived soft x-ray transitions. The technology
and experimental devices also lend themselves to the study of UV lasing
in high pressure gases,

Finally, the theory and analysis cover a variety of topics. This




approaches that off:r the highest potential for success. Hence efforts
are modified, dropped, or initiated based on the best current under-
standing of the mechanisms and physics involved.

The following sections of this report cover each approach in

the program in detail. This is followed by a summarv of the important
results of the past six months., Appendices are included for complete-
ness. These include reports on work closely related to this effort
but which are parts of other programs with other goals. llowever, this
work has had a significant impact on the program. Pulse compression
studies offer the possibility of shorter, laser pulses to pump laser
plasma and in principle make inversions easier to attain. The other
appendix describes the NRL Glass Laser Facility and its capability.

II. E-COLLISICNAL PUMPING VIA PICOSECOND IASER PUMPING OF PLASMAS

‘ is consistent with the overall program concept of pursuing only those

!
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| IT. A. BACKGROUND

1 One of the potential techniques for pumping a soft x-ray laser is

' to use electron-collisional puiping of a plasiia where 1) the electron
temperature is much greater than the ion temperature and, 2) the
population of the potential laser ion species has been maximized in the
preformed plasma. As a first approach the laser levels can be

] iscelectronic with known lasers in the visible/UV, using atoms and ions
with low levels of ionization. Then as one goes to higher Z ions in
the same isoelectronic sequence, the laser levels become more energetic,
To make this technique work one must create a plasma which has a large
population of the desired ion species at some point in time. This
plasma should have as low & ion temperature as possible to reduce the

{ Doppler broadening of the laser levels., Also to obtain the high
electron temperatures required for pumping, the laser pulse which

heats the electrons should be as short as possible, i.e., picosecond
pulses for high pumping power.

The first step in this general experimental approach is to develop
a laser system which is capable of producing two synchronized energetic
pulses-~the first a nanosecond pulse for producing the '"target"
plasma and a second picosecond pulse at a specific time later to heat
the electrons and pump the laser transition. This laser development isg
described in the next sectior.., The second step is to characterize laser
produced plasmas in order to develop the capability of predicting the
time history of electron and ion temperatures, and ionic species
and their populations. Once this can be donme, then a target plasma of
known parameters can be reproduceably created for the two step laser

experiments. These experiments are on-going and are described in this
gection.

The experiments to date have utilized three distinct NRL
laser facilities:

_‘;M&:-‘J
N . e Iy &



(1) The short-pulse laser facility (25 psec, 10 GW) whica will
be used to heat laser-generated plasmas.

(2) The NRL Glass Laser Facility which produces pulses of
various widths between 50 and 900 picoseconds with
ouput on the order of 100 GW. (This facility is describad
ir detail in Appendix B.) :

(3) A Korad Q-switched ruby laser (20 nsec, 0.5 GW) which is
also used for diagnostics development.

The long pulse experiments were the first in the series. Sherter
pulse experiments were done as the laser facilities became available.
Results obtained from x-ray diagnostics of plasmas produced by each of
these lasers are discussea ceparately in the following three sub-
sections., Some comparison «f these iesults with numerical modeling
work has been done and is also discussed. The goal of the experimer.ts
done to date has been to characterize the laser produced plasmas in
order that plasmas pertinem to the x-ray laser problem can be pre-
dictably created,

II. B. PICOSECOND LASER/PIASMA EXPERIMENTS

The mode-locked Nd:YAG laser beam of 25 ps in pulse duration is
directed into a vacuum chamber (p S 10-% torr) and then focused onto
various slab targets (Na, Mg, Al and Si) using a 30 cm fccal length
lens. The focal spot has an elliptical shape of 30 im by Zg um and
the laser power density at the focus is estimated to be 10 Watts/cm?2,
X-ray pinhole images and spectra from plasmas produced by this power
density were measured. An expanding, x-ray emitting plasma (aluminum)
is photographed using a double-pinhole x-ray camera. Figure 1 shows
microdensitometer scans (showing density contour) of such x-ray photo-
graphstaken simultaneously, one through 0.5 mil and the other through
1.5 mil beryllium absorbers. The size of the initial hot plasma is
estinated to be 50 ym in diameter.

The plasma radiation is spectrally analysZed using a flat
Rubidium Acid Phthalate (RAP) crystal (2d = 26.121 L) and the spectra
are recorded on No Screen medical x-ray film through 12 ym beryllium
foil to protect the film from visible radiation. Although the potential
lasing waveleng.is conceivable with the laser power density available
here would lie well above 100 A, the spectral region of 5 k=121 s
relatively clear of line radiation, and consequently more convenient
for line identification. Figures 2 through 5 indicate microdensitometer
scans of the x-ray spectra thus obtained from Na-, Mg-, Al-, and S5i -
plasmas, respectively. All four spectra show very strong 1s2p->1s
resonance transition lines and the other Rydberg series lines of He-like
ion species, i.e., Na X, Mg XI, Al XII, and Si XIII. Free-to-bound re-
combination edges are also seen at the series limits., For Na-, Mg-, and
Al- plasmas, even H-like (Na XI, Mg XII, and Al XIII) Lyman-o lines
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Figure 1 Pinhole x-ray photographs taken simultaneously with two
different absorbers to detect the x-ray energies indicated
in kevV.
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Figure 2 X-ray spectrum taken with Na-target.
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Figure 3 X-ray spectrum taken with Mg-target.
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Figure &4 X-ray spectrum taken with Al-target,
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Figure 5 X-ray spectrum taken with Si-target.




appear, decreasing in intensity with increasing atomic number. But

the trend is reversed for blends of long yavelength satellite lines

of the He-like resonance line, 1s2£2p- 1s“2Z., This is understandable
in a view that, when the laser heated plasma temperature is high
enough to ionize up to H-like ion spzcies for lower Z atoms, the
temperature is too high for Li-like ion species to be highly populated
(burn out).

Assuming that the electron density does not exceed the critical
value (= 102 cm'3) for laser light penetration, the high stages of
ionization observed with such a short heating pulse are difficult to
understand using a thermal model of the plasma, because the thermal
i mization time required is longer than the laser pulse., The situation
here may be explained however using a spherical "hot spot' model*,

This nunerical model assumes a stationary, uniform plasma sphere at the
laser focus (neglecting magnetohyrodynamic plasma motion during the
time of interest) and also assumes that the major plasma cooling is by
radiative and thermal-conductive mechanisms. It is also assumed that
the laser light is absorbed in a small volume of ~10"® cm-3 pre-
dominantly through the process of inverse bremsstrahlung, and its energy
is deposited directly as thermal energy into the electron gas. The
electrons then share their energy with the ions through collisions that
heat, excite, and ionize the ions. The excitation and subsequent
radiative decay of the hyrogen-like and helium-1like fonization stages

i are modeled in some detail to allow computation of tle K-line (np-ls,
i n 2 2) emission spectrum that is observed in the laser heated

plasma, Figure 6 indicates the computed electron and ion temperatures
as & function of time for Al-plasma. One notes that a large T,/T{ with
kT, ~ 1 keV exists for an initial time period of ~ 50 ps. The
temporary non-equilibrium situation which exists here is desirable,

t because the high Te is most effective in producing a high inversion,

] whereas a lower T; reduces the Doppler linewidth— both effects in-
creasing any gain, Figure 7 shows ground population densitie. of

Al XI, Al XII, Al XIII, and Al XIV, where the populations of electrons
and Al XII are nearly constant due to the assumptiorsmade. Li-1like

Al XI, however, dips sharply after a peak due to the burn-out and then
gradually increases, caused mainly by the recombination of Al XII ioms.
Time resolved power densities of line radiation due to Al XII 1s2-1s2p,
Al XII 192-133p, and H-1like Al XIII 1s-2p transitions are shown in
Figure 8 and a time integated K-x-ray spectrum of Al XII and Al XIII
ions is compared with that of the experimentally obtained spectrum in
Figure 9. The experimental points are relative values with arbitrary
units and are normalized to the computed value of the 1ls“-1s4p line over-
| all agreement is good between the two; however, a definite tendency
towards lower experimental values in lsz-ls3p, 152-152p, is noted.

This discrepancy is interpreted to be due to the fact these lines may be
optically thick, an effect not yet included in the numerical model.*®

* Details of this model are presented in Section VI B,
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Figure 6 Computed electron and ion temperatures as a function of
time.
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The spectral features observed so far indicate that the plasma
electrons are heated to a temperature somewhere between 300-600 eV.
However, precise temperature measurement is essential for further in-
vestigation. This will be done using two approaches, i.e., from the
intensity ratio of He-like 1s2-1s2p to H-like 1s-2p resonance lines
and by using the x-ray absorption method. The latter technique may
also be used to obtain the bremsstrahlung profile of the plasma.

The original experimental scheme proposed is to make a line focuy
on a slab target so that a cylindrical expanding plasma is formed.
This plasma is subsequently heated and pumped by an axial laser beam
of short pulse duration, Detailed plasma diagnostics and spectroscopic
study in the two-laser-beam operation will! be made using low Z targets.
The spectroscopic study will be extended to the vacuum UV region
where 3p»3s lasing is iikely Lo occur.

I.. C. SUBNANOSECOND LASER/PLASMA LEXPERIMENTS™*

The NRL Glass Laser Facility has produced pulses ranging from
50 t¢ 900 psec for plasma x-ray experiments. Pulses with up to 100 GW
1 (e.2., 0 Jin 100 psec or 100 J in 900 psec) were focused to power
| densities eiceeding 1015 %W/cm2, Plasuas containing many of the ele-

ments from Li through U were studied using a wide variety of x-ray

| plasma diagnostic equipment. Grating and crystal spectrographs
were used to measure spectra in the 50-5000 eV range. Several active
detectors (e.g., thermoples, Si/p-i-n detectors) as well as calibrated
crystal spectrographs gave absolute intensity data. A pyroelectric
detector determined a limit on the x-ray emission time; and, pinhole
camcras were used to obtain plasma x-ray images. Highlights of these
results wi.ich are relevant to the ARPA/NRL x-ray laser program are
summarized in this section,

Grazing-incidence grating spectra in the 50-1000 eV range were
measured for a wide range of elements. Figure 10 shows the carbon K
spectrum obtained from 30 GW irradiation of a CH, target. ™wo
Rydberg serie: ¢f resonance lines, plus associated satellite lines,
are evident in the spectrum, similar to the spectra from Na through
Si shown in the last section. Line profile analysis for 6p and 7p to
ls transitions in one-electron carbon ions yielded an electron density
value of 1019 cm=3. A similar F spectrum from a LiF target gave 2
similar election density result and an electron temperature of 400 eV.
Analysis of the intensities of three-electron satellites in the F
spectrunt showed that tha laser-plasma was only approximately in ion-
ization equilibrium. This underscores the necessity for a rate-
equation approach to computation of the time-evaluation of ionization
stages with plasmas produced by subnanosecond lasers. ©Data from the
grating spectrographwere also used to classify non-resonant lines at

lie majority of the work described here was done as part
of the NRL-LMI program but is included since it is directly relevant.
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Figure 10 Carbon K resonance spectrum from one- and two-electron ions
in a plasma produced by a 0.9 ns, 3C GW pulse.
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lower photon energies (~ 100 eV) in 8 and 9-electron ions from medium
weight elements. Completion of such isolectionic sequences may prove
useful to approaches which attempt to produce lasers of increasingly
higher photon energies using plasmas containing heavier ioms.

Crystal spectrographs w:re used to obtain spectra in the 0.8-5
keV region from elements in the range 10<Z <67, In particular, Al
K-spectra were studied as z function of increasing laser power.
Figure 11 shows one of the spectra obtcined. Using line intensity
ratios, it was found that 900 psec puls=s generate plasmas which
increase from 600 eV at 2 J to 900 eV at 10 J. The temperature
appears to saturate near 1 keV for pulses in excess of 20 J, possibly
due to thermal conduction losses. Satellite spec :ra were obtained
with crystals for elements from Na through Ti. The spectra, which
are widely used for density and temperature determination, exhibited
intensity anomalies when compared with existing theory. This
emphasizes caution when using rate-equation computations of laser-
plasma spectra. Isoelectronic sequence studies for 10-electron ions
which emit L-radiation and 28-electron ions which emit M-radiation
were also performed using heavier elements.,

Measurements of the atomic number (Z) and laser power dependence
of the integrated x-ray intensity transmitted by a 1 mil Be window
(800 eV cutoff) were made with a thermopile. For 1 ns, 35 J pulses, a
strong Z-dependence was found with peaks near Al, Cu and Gd. The x-
ray intensity from these targets also varied (went through low
peaks) as the laser energy was increased from 2 to 60 J. Efficiencies
for conversion of laser-pulse energy into x-rays approaching 20%
were measured.

A limit on the x-ray emission time was measured usirg
a fast electronic deteccor. It was found that the FWHM
of the x-ray pulse was very close to the laser pulse length of 1 nsec:,

The measured size of the x-ray-emitting region in laser-generated

plasmas was founl to depend on target and pulse conditions as well as on

the sensitivity of the pinhole-film instrument. In general, the most
intense emission came from a volume with dimensions somewhat larger
than the focal spot diameter which was (100 um)3 = 1076 cm” .

II. D. NANOSECOND IASER/PLASMA EXPERIMENTS

Investigations were made of some characteristics of the plasma
x-ray emission generated by a relatively long pulse laser (10 J at
18 ns) in comparison with short pulse (< Ins), high power lasers. The
study includes the deternination of plasma electron temperature, x-ray

conversion efficiency, x-ray line emission spectrum, and x-ray yield as a

function of lens-target distance; and a close observation of target
craters. The experimental arrangement is shown in Figure 12, A

Korad K-2 ruby laser system consisting of Q-switched oscillator pro-
duces pulses with energies of up to 9 J, The laser beam is focused
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Figure 11 Aluminum K resonance spectrum from a plasma produced by
0.25 ns, 7 GW pulse,
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onto magnesium slab targets using a 20 cm focal length lens, which is
mounted on a micrometer translation stage nutside of the vacuum
chamber.

In order to provide as much plasma x-radiation as possible, .he
effect of laser beam focusing on the x-ray yield was studied by varying
the lens-target spacing. The result is shown in Figure 13 where the
relative x-ray intensity (hv > lkeV) as measured with a p-i-n detector
is given as a uction of lens displacement near the focal point. The
curve has a siungle, roughly-symmetrical peak. The x-ray intensity is
very sensitive to the focusing,and the half width (~ 2 mm) of the
profile is an order of magnitude narrower than that expected from
the focal depth of the present laser-lens system. This apparent dis-
crepancy can be rationalized if one assumes that most of the x-
radiation detected originates from a much smaller area within the
focal spot. In order to check this possibility, the target craters
are examined under a scanning electron microscope and a typical micro-
photograph is shown in Figure 14, The target spot indeed indicates
that the laser intensity is not uniform over the beam diameter and
that it consists of a larger crater and one or two much smaller spots
(hot spots) within it, The size of the larger crater (~ 1.5 mm in
dia.) is consistent with 2 focal spot size one would expect from the
beam divergence (8 mrad.) and the focal length of the lens. The hot
spots (~ 100 tm in dia.) are much deeper craters and indicate higher-
than-average power density at these locations. It is quite conceivable
therefore that mainly the laser power concentration at the hot spots
caused plasma heating high enough to produce x-ray emission of
hv > 1 keV.

The p-i-n detector, cables, and Tektronix 7904 oscilloscope have
a combined risetime of about 2 ns. The time correlation between
the laser and x-ray signals are made by feeding a common high
frequency sinusoidal signal to the Z-axis terminals of two oscillo-
scopes. The two signals peak simultaneously to within 3 ns (Fig. 15). The
FWHM of the x-ray pulse is much narrower (~ 11 ns) than that of the
laser pulse. This suggests the absence of x-ray emission until the
laser light intensity reaches a certain threshold. For lasers with
1 ns pulses and intensity greater than 1 GW, the x-ray pulse width
is approximitely equal to the laser pulse width, in contrast to the
result shown in Figure 15.

The approximate x-ray conversion efficiency was obtained from
the p-i-n signal using the detector sensitivity calculated from the
manufacturer's specifications. Assuming isotropic emission into by ster,,
the efficiency for conversion of the 6943 } 1aser 1light to x-ray
line radiation at about 9 X was 0.07%. This x-ray conversion efficiency
is much smaller than that obtained with laser pulses of about 1 ns,
where values greater than 107 can be obtained. The main cause for
the lower efficiency is the slow rise and fall times
of the laser pulse, as the beam energy threshold has to be reached
for the x-ray emission., The total energy in the radiation is 7 X 104
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Figure 14 Scanning
electron micrographs

of the Mg target.

Top: Overall oblique
view of the focal are-
showing two deep craters
due to hot spots.

Center: View down into
the larger or the two
craters which is
approximately 175 im
in diameter,

Bottom: Enlargement
of the region hetween
the two craters.
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Figure 15 Time histories and correlation between laser and x-ray
pulses. The peak alignment is uncertain to + 1.5 nsec.
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ergs compared to 107 ergs of x-rays from a 1 ns, 10 J laser pulse.

X-ray pinhole photographs were taken through 25 im pinholes with
a single exposure on Kodak No-Screen film behind a 12 1m Be window.
An example is shown in Figure 16. The time integrated image consists
of a more intense region which is elongated along the direction of
the incident laser beam and the less intense, apparently more tenuous,
radially expanding plasma. The elongated hot region probably results
from interaction of the beam with the expanding plasma d.:;ing the
relatively long pulse.

X-ray spectra of the Mg-plasma are obtained using a rflat RAP
(rubidium acid phthalate) crystal and are recorded on Kodak No-
Screen x-ray film behind 12 ;ym Be-foil. Figure 17 {top) shows a
microdensitometer scan of an x-ray spectrum obtained with a 25 shot
exposure. Three transitions (np - 1ls, n=2, 3, and 4) in two
ionization states, He-like Mg Xi and Li-like Mg X, make up most of the
spectrum. Free-to-bound Mg XI recombination radiation appears at the
short-wavelength end of the spectrum. One of the weak peaks to the
short wavelength side of the Mg XI 1s2-1s2p line is ascribed to a
transition in doubly excited Mg XI. The remaining two lines in this
region, the weak lines on the longer wavelength side of Mg X 1s224 -
1s242p lines, may be from Zn which was found by optical spectrographic
analysis to be present in the target material at the 0.2 7 level. The
spectrum produced by the ruby laser is compared with a Mg-spectrum
obtained with the 0.9 ns, 2.2 GW glass laser (shown in lower part of
Figure 17). The H-like Lyman ao-line of Mg XII, one of the prominent
features in the spectrum produced by the higher power laser, is
absent in the spectrum obtained with the 1.8 ns, 0.5 GW laser. The
spectrum obtained here indicates that the electron temperature of the
Mz-plasma is about 300 eV.

II. E. PICOSECOND LASER FACILITY

This section describes of the picosecond laser facility used in the
X-ray iaser Program., Although this is the primary application, the
lasers discussed here are versatile research tools with a broad area
of potential use. For example,some experiments in nonlinear optics have
already been performed. The long range goal of the X-ray Laser Program
is to generate population inversions at x-ray wavelengths in laser
produced and laser purped plasmas with ultimate application to an x-
ray laser. For this application, a unique state-of-the-art laser is
required which necessitates in-house development. This development |
is continuing with portions of the facility now operational. Currently
x-ray spectroscopy and other characterization of laser produced plasmas
are being performed using this facility.

4

Controlled studies of interactions between laser pulses and laser
generated plasma requires a laser system to meet relatively unusual
requirements. In particular, several synchronized puls2s with durations
on different time scales are required for purposes of prepulsing,
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Figure 16 Densitometer scan of x-ray photograph taken with 25 ym
pinhole, showing demsity contours. Outer contour extends
0.8 mm from the target surface which i3 indicated by the
dashed line. Arrow mark shows the direction of incident
laser beam.
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Figure 17 Mg spectrum taken with 0.5 GW ruby laser in 25 shots com-
pared with spectrum produced by a single 2.2 GW shot of a

Nd:glass laser,

26




- mm—aEe

plasma heating, and plasma diagnosis. In addition, reliable operation
in terms of reproducibility of pulse energy, duration, and profile,
and of interpulse synchronization are important for systematic study
of appropriate interactions. Good beam quality is required for
efficient use of optical power; and short pulse durations at extremely
high intensity are required for plasma heating. Finally, knowledge of
all these properties is necessary for meaningful comparison of
experiments with theoretical models.

Such a laser system which is tailored to the needs of these
experimental studies has been developed. A schematic diagram of :he
system is shown in Figure 18. The laser system produces multiple
synchronized pulses on both nanosecond and picosecond time scales
simultaneously. The picosecond pulses are generated in a mode-
locked Nd:YAG laser that provides two 200 mJ output pulses of 30
psec duration with a time delay variable between 0 and 10 nsec. The
nanosecond pulse is generated in a Q-switched laser and is variable
in duration between 0.5 nsec and about 30 nsec with energy in the
1 to 10 J range. The two lasers are synchronized with a versatile
switching technique which overcomes the jitter inherent in the pro-
duction of either of the pulses separately and provides jitter times in
the subnanosecond range. With this system plasmas can be generated with
either the Q-switched pulse or one of the mode-locked pulses. The two
output pulses of the mode-locked laser can be used for toth pumping
of existing plasmas and plasma diagnositics.

IT. E. 1. MODE-LOCKED LASER

The mode-locked laser consists of a Nd:YAG oscillator, a Pockels
cell shutter, five Nd:YAG amplifiers, beam expansion optics, beam
splitter, and an optical delay track. The Pockels cell shutter
transmits a single pulse from the train of mode-locked pulses
generated in the oscillator. The pulse is amplified in the first
three amplifiers and then split intc two components. Each of the
two resulting pulses passes through its own fourth amplifier. One
pulse transverses a variable optical delay track. Beam expansion
optics are "ecanired so the pulses will just fill each of the two
final YAG emplifiers of % inch diameter.

The inode-locked laser oscillator-amplifier system was designed
to prcvide sufficiently energetic pulses for plasma heatiig studies
with the short pulse durations required by the lifetime of X-ray
transitions being investigated. At the same time it is necessary to
maintain diffraction limited beam quality and spectral purity by
minimizing the effects of self focusing in the laser rods. Neodymium:
YAG was chosen for this laser because of the ease with which it can
be operated as a time-bandwidth limited mode-locked oscillator.
Also this material offers advantages in amplifier use with higher
efficiency and repetition rates than other available materials such
as Nd:glass, This laser is capable of being fired once every 10
seconds where a Nd:glass amplifier could only be fired once a minute
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or slower. This is the first laser system of this type to use % inch
diameter YAG rods, which is the largest size available commercially.

I1. E. la DESIGN CONSIDERATIONS

The design parameters are the theoretical 1imit of the Nd:YAG laser
material consistent with the performance requirements mentioned
above. With a small signal gain of 7 as in the last amplifier rod,
energy storage is .402 Jrules per square cm of cross sectional area.
We set as our design goa. 'n output energy of half this value 0.2 J.
Depleting the population rersion by such a large amount has the
added advantage of stabili:ing the output energy of the laser system,

With the short 30 psec pulse duratiun of mode-locked Nd:YAG,
intensity will be high and nonlinear optical effects on beam pro- ’
pagation must be considered. Self focusing and self-phase modulation
are caused by intensity dependent changes in the index of refraction.
At these high intensities the index of refraction car be expressed by

n = no + n2 (E.E) p

where (E-E) is the average of the square of the electric field, n
is the index for low intensity, and ny) is a coefficient called the
nonlinear index of refraction. The value of ny is known to be
approximately 5 X 10-22m2/v2 for YAG.

Self-phase modulation is caused by the delay of more intense
temporal portions of a pulse and the resulting compression or ex- ; _
pansion of the optical oscillation. Self focusing results when more d
intense spatial portions of a beam are delayed distorting the wave-
front, With a slowly varying envelope approximation, the shift in
wavelength A from the central wavelength A due to self-phase modul-
ation is given by

n,{
mp = L LEB

C dt

where { is the length of the material and c the speed of light,
Setting the maximum value of Ak=lﬂ, and using £=7.5 cm, and assuming
a Gaussian pulse shape 30 psec wide at the 1/e points, the maximum
energy density would be approximately 0.9 J/cm2,

The system is designed to avoid not only catastrophic self
focusing in the laser material, but also slight self focusing which
will cause distortion of tihe laser output. If a transverse intensity
distribution I=I_exp (-r2/a’) with an initial plane wavefront is
transmitted through a slab of material of length £, the central
portion of the wavefront wil. be given a radius of curvature
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2 nZE(E-E> j

R =

Allowing only R Z 10m, the maximum allowable energy density is

0.4 J/cm2 for a pulse with a =Q5 cm and 30 psec wide at the 1l/e points.
This value is close to the design goal of 0.2 J through a % inch
diameter rod. In performing the beam expansion through the amplifier
chain, it is important to maintain a smoothly varying transverse
intensity distribution to minimize self focusing. No diffraction
fringes resulting from beam aperturing at the rod edges can be tolerated.
Yet is it important to fill the final amplifiers as closely as possible
for maximwz gain and minimum self focusing.

In actual performance (Table I) the laser ccmes near to meeting
the theoretical limits of operation. Output energies of 0.21 J in
30 psec pulses have been obtained in beams that diverge at only
1.5 time: the diffraction limit. At these energies the effects of
self focusing are just beginning. At this point it would not be
advantageous to go to higher energy or add another YAG amplifier,
because this would only increase the divergence due to self focusing
and decrease the brightness on target.

II. E. 1b MODE-LOCKED OSCILLATOR

The mode-locked oecillator consists of a 1/4 inch diameter Nd:YAG
rod pumped with a linear xenon flash lamp in a single elliptical
reflector of the same design used in the NRL Glass Laser Facility
(see Appendix B). The resonant cavity is formed by a 10 m radius
100% mirror and a flat 65% mirror (Figure 19). The laser is mode-
locked with Kodak 9740 dye in a dichloroethane solution flowing in
a cell contacted with the output mirror. An aperture inside the
cavity gives transverse mode control. The laser output consists of
a train of 25 psec duration pulses spaced by 6.7 nsec (Figurz 20a).
Peak energy is .25 mJ per pulse and there are approximately 10 pulses
between the % intensity points of the pulse train. This operating
point represents an acceptable compromise between the requirements
of high power to drive the amplifier chain and long duration of the
pulse train for ease of synchronizing with the Q-switched laser.

The output of the oscillator was analyzed spatially in the
near and far fields, and temporally with a 5 psec resoluticn streak
camera. The near field spatial profile (Figure 20b) was observed
at a distance of Z.25m from the output mirror by scanning the beam
with a 250 u slit. 1t follows a Gaussian shape down to about the
107. intensity points, accounting for 907 of the energy. The beam
parameter at this position agrees quite well with that predicted
from an analysis of the cavity mode size. The fractional energy trans-
mitted through an aperture in the far field was also measured to
determine how well the beam propagated. For an aperture that would
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Figure 20 Measurements of mode-locked oscillator performance. (a) Os-
cillogram of pulse train with a single pulse switched out.
(b) Spatial intensity profile of laser beam (data points)
compared with a Gaussian curve with 1.14-mm radius at the 1l/e
point. (c) Fast streak camera record of two reflections of
the same mode-locked pulse. A densitometer trace of the photo-
graphic record is shown.
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transmit 66% of an ideal Gaussian beam, 607 of the actual laser beam

was transmittecd, confirming the fact that most of the energy in the

beam is accounted for by the Gaussian distribution. The streak camera
measurements show the pulse duration is approximately 30 psec (Figure 20c)
and no temporal substructure is evident, indicating a lack of severe

self focusing or spectral broadening.

II. E. 1lc AMPLIFIER CHAIN

The amplifier chain was designed to provide an output pulse which
would deplete the final amplifier stage without being distorted
temporally or spatially by self-phase modulation or selt focusing.

The Nd:YAG amplifier rods are Brewster-Brewster configuration and

3 inches in length., The first rod is % inch in diameter, followed by
two 3/8 inch diameter rods, and finally a % inch diameter rod in each
of the output arms. The degree of population inverc<ion depletion can
be seen in comparing small and large signal gains (Table I) at the
indicated energy levels; about 407, of the stored energy is extracted
from the last stage,

In determining suitable operating points of the amplifiers, the
small signal gain was measured as a function of pumping energy for
each of the stages. The results are shown in Figure 21. The actual
gain for each stage deviates from the theoretical curve at about the
same pump energy. The limiting gains occur for an approximately
constant value of od ~04 (gain coeff. X rod diameter), indicating
that a parasitic mode is most likely responsible for the observed
deviation,

In order to operate the system at these energy levels it is
necessary to be able to take full advantage of the cross section of
the larger rods. This requires that the gain be uniform across the
full rod diameter, and that the beam fill the entire rod aperture. A
study of the gain distribution produced by the single lamp, elliptical
cavity pumping arrangement used in the oscillator indicates that it is
too peaked to provide gain across the whole rod (Figure 22a).
Consequently, it was decided to use a four lamp cloverleaf geometry,
(Figure 23) with each lamp in a reflecting section of cylindical
cross section., The gain distribution for this geometry (Figure 22b)
is sufficiently uniform to allow use of the full rod aperture.

In increasing the beam size to fill the aperture of the larger
rods, it is not sufficient to simply expand the Gaussion profile.
Such expansion will result in Fresnel diffraction caused by aperturing
of the wings of the beam at the rod edges leading to small scale
self focusing and damage to optical components, The expansion scheme
shown in Figure 24 solves his problem by converting the beam into
an elliptical Airy pattern between the second and third amplifiers,
A circular aperture tilted at 60° to the beam propagation direction
provides an elliptical profile matched to the projection of the
Brewster rods, Use of elliptical geometry instead of circular means
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AMPLIFIER GAIN

100 200 300
PUMP ENERGY (JOULES)

Figure 21 Small signal gain of Nd:YAG amplifiers using 4 lamp pumging
geometry as a Function of pump energy. Curve(d is for 5 inch
diameter rod(b) for 3/8 inch diameter, (c) for % inch diameter.

The dashed portions of the curves are linear extrapolations
of the low level gain.
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that after refraction inside the rods, the beam will fill in the full
rod volume, The beam is then brought to its Fraunhoffer pattern by

a 50 cm compound lens. It is then expande- so that between the

second and third amplifiers the major diameter of the first diffraction
minimum is 3/8 inch.

It is then approximately collimated, and the third amplifier rod
apertures the beam at the first Airy minima. The central Airy disc,
still expanding slowly, fills the third and fourth rods, after which
it is collimated by another lens. Aperturing the beam at the minima
in the Airy pattemrn provides a sufficiently smooth beam to avoid
small scale self focusing, and allowing the beam to expand as it
propagates through the amplifiers also tends to reduce the nonlinear
effects,

11, E. 1d PULSE SHAPING

The lifetimes associated with x-ray transitions are still extremely
short compared to the duration of mode-locked pulses. It is desirable
to make the durations of the laser pulse, or at least the risetimes,
as close as possible to the lifetimes of the pumped x-ray transitionms.
Several schemes are being investigated to produce pulses shorter than
those generated in the pulue system. These schemes involve either
generation of shorter pulses at the source, or processing the longer
pulses once they have been generated.

As a possible source of shorter pulses the properties of Nd:CalaSOAP
as an active medium for the oscillator have been studied, 1Its
homogeneously broadened line of 45 em~! width indicated that it might
provide bandwidth limited pulses of 5 psec duration. More careful
study, however, indicated that spectral broadening of the pulses was
significant and bandwidth limited operation was limited to pulse duration
of about 10 psec. It does appear, however, that it might provide
a source of pulses with a controlled chirp for subsequent compression.

Other possibilities for producing shorter pulses lie in processing
the pulses from the YAG oscillator. A single pass through a saturable
dye cell can result in significant shortening of the pulses. This
technique was observed to reduce pulse duration from 28 psec to 14 psec
(Figure 25). This process is currently being analyzed to determine
optimum dye concentrations and minimum possible pulse duration.
Combinations of pulse chirping followed by dispersive delay lines
either to sharpen the leading edge of the pulse cr to compress it
are being investigated. This latter technique has received a careful
analysis. The ideas involved are outlined in Appendix A,

II. E. 2, Q-SWITCHED LASER
The main purpose of the Q-switched laser is to provide a pulse

for generating a plasma which can subsequently be heated/pumped with
the mode-locked laser. Good spatial beam quality is again important
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Figure 25 Fast streak camera record of two reflections of the same
mode-locked pulse after transmission through a saturable
absorber with linear transmission 10-10,




for avoiding self focusing in the amplifier chain andl to provide high
brightness on target. Single longitudinal mode operztion of the
oscillator is required to avoid self-phase modulation in the amplifier
and to provide reproducible pulses with no mode beating for plasma
generation., It is also desirable to have adjustable pulse duration in
the range from 0.5 nsec to 30 nsec with energies between 1 to 10 J.
The Q-switched laser system is currently under evaluation and char-
acterization and itwill be operational soon. It will consist of a single
transverse and longitudinal mode Q-switched Nd:YAG oscillator with the
output shuttered by an external Pockels cell to switch out a portion
of the laser pulse of the required duration. The energy of the output
would cause severe depletion in Nd:YAG amplifiers except for the case
of very short pulses in the first amplifier. Therefore Nd:glass
amplifiers are used. The first amplifier has a 3/8 inch by 6 inch

rod followed by two 3/4 inch by 12 Inch amplifiers. Gains in excess
of 2000 will easily be obtained from the three amplifiers to provide
the required output pulse energy.

The nonlirear index of Nd:glass, n, ® 2 X 10-22 M2/V2, is lower
than that of YAG. The longer pulse length and larger diameter of the
glass amplifier reduce the problems introduced by the nonlinear
index of refraction even through the rod length is gicater. Calculations
similar to those done for the mode-locked system show that intensities
on the order of 2 X 1010 Wa;ts/cm2 can be reached in tte final amplifier
before self focusing will cause significant distortion in the output,
For pulse durations of 5 nsec energy density would be 100 J/cm2 before
self focusing becomes a problem (well in excess of the planned output
of 10 J)., It does remain critically important, however, to preserve
a smoothly varying transverse intensity distribution., If this is not
done, small scale self focusing will occur in the amplifier rod at
lower pulse energies and cause damage.

The Q-switched oscillator shown in Figure 26 has a 3/8 inch by
3 inch Nd:YAG laser rod pumped with the same geometry used in the
mode-locked oscillator. The narrow 7 & fluorescence bandwidth of
Nd:YAG makes the problem of longitudinal mode section less difficult,
and for this reason it is used in preference to Nd:glass which has
a 260 X bandwidth., The resonant cavity is formed by a 10 m radius
100% reflector and a resonant reflector formed by uncoated sapphire
optical flats with parallel surfaces. Currently two sapphire elements
are used, but it appears it will be necessary to use three elements to
obtain the desired longitudinal mode control. The sapphire elements
are aligned interferometrically to be parzllel. Using the cavity as
an interferometer also allows accurate alignment of the 99% mirror.
Transverse mode selection is obtained with an aperture inside the
cavity. A polarizing prism and a Pockels cell operated at the
% wave voltage serve as the Q-switch., The Pockels cell is triggered
from the mode-locked laser in a manner which will be described in
the next sub-section to provide synchronization between the two lasers.
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The output of the Q-switched laser appears with a delay from the
Pockels cell trigger of 100 nsec as shown in Figure 27. The jitter in
the appearance of the pulse is approximately 30 nsec. It is expected
that this value will be improved with further development of the
oscillator. The output energy of the oscillator is approximately 15 mJ
in a 30 nsec pulse. The duration of the Q-switched pulse at this point
must be long enough to overlap with several of the mode-lccked pulses,
so that reliable synchronization of the two lasers can be obtained.

Currently, investigations of additional longitudinal mode control
provided by operating the Pockels cell in a "simmer mode" with the
voltage somewhat below exact % wave voltage are underway. The presence
of low level free running oscillations with long buildup times reduces
secondary lonitudinal modes and mode beating in the Q-switched output
(Figure 28). The intensity of the low level free running oscillations
is down by more than a factor of 100 from that of the Q-switched
oscillation. The amount of this pre-lasing which reaches the target
will be further reduced by the Pockels cell that shutters the output.

II, E, 3. SYCHRONIZATION

The major problems in synchronizing the outputs of two independer:
pulsed lasers lie in the jitter inherent in the build up of the optical
pulse from noise and the short time scales involved once the pulses
are generated. The jitter in the time of appearance of the mode-
locked pulse train relative to the ignition of the flash lamps is
about + 10 uysec. Since the pulse train lasts for only about 50 to
100 nsec, all subsequent events must be timed from the appearance
of the pulse train, rather than the electrical trigger pulse. Similar
problems occur in the Q-switched laser where delay times of the order
of 100 nsec are expected in the build up time of the Q-switched
pulse relative to the time the Pockels cell is triggered. Again, it is
impossible to synchronize pulses to less than 10 nsec by using the
electrical trigger pulse to the Q-switching cell as a reference.

Figure 29 illustrates the synchronizing scheme being used. It
overcomes these problems by timing events from the time of appearance
of each of the optical signals. The various switching steps are
summarized in Figure 30, along with the jitter expected relative to
the previous step. The sequence is initiated with the firing of the
oscillator lamps of both lasers, synchronized to about + 10 usec.

The mode locked pulse train appears with a time jitter of about

+ 10 pysec relative to the flashlamps. The Q-switching of the second
laser is synchronized to the leading edge of the mode-locked pulse
train. A photodiode monitors the rejected pulse train, the output

of the photodiode is used as a trigger signal for an electronically
triggered spark gap with 35 nsec internal delay, and the spark gap

is used to remove the voltage on the Pockels cell Q-switch., This
synchronization has already been accomplished with a Q-switched

glass laser using a krytron switch instead of the spark gap (Figure 31).
The delay in buildup of t'.e oscillation in the glass laser was longer




o

Figure 27 Oscillograms of several Q-switched oscillator pulses showing
jitter in time between Pockels cell trigger and appearance of
pulse. Time scale is 50 nsec/cm. Some mode beating is present
in laser output.
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Figure 31 Osci...gram displaying both synchronized mode-
locked pulse train and Q-switched Nd:glass laser
pulse. Sweep duration is 300 nsec.
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and the krytron had longer delay than the spark gap causing a jitter
problem. Longitudinal mode selection was more difficult with the
broader spectrum of glass, and it was decided to use the Q-switched

YAG oscillator.

Once the Q-switched pulse has appeared, part of it is used to fire
the pulse selector in the mode-locked laser, selecting a pulse near
the peak of the train. The jitter in timing of the selected pulse
relative to the peak of the Q-switched pulse is expected to be of the
order of the interpulse spacing of 6-7 nsec. Finally the selected mode-
locked pulse is used to gate out the desired portion of the Q-switched
pulse near its maximum.Use of a laser triggered spark gap in this
last stage will provide risetimes of the order of several hundred
psec. Because the spark gap can be severely over-driven by the mode-
locked pulse, the final jitter is expected to be in the subnanosecond

range.
II. E. 4. TLASER DIAGNOSTICS

A complete set of laser diagnostic measurements on a shot-by-
shot basis is necessary for controlled investigation of the laser-
plasma interaction as well as monitoring overall laser performance.
Provision for monitoring laser performance have been made as shown
in Figure 18. The pulse energy in both beams is measured with a
calibrated photodiode. Provision for periodic recalibration of the
diode against a calorimeter is also present. The duration and shape
of the mode-locked pulses are measured on a streaking camera with a
5 psec resolution. Such measurements are indispensable in monitoring
shot to shot variations of the mode-locked output, jitter in the inter-
pulse spacing, and pulse separations for times less than 1 ns.
Finally, the far field pattern of the beam is recorded on every shot
by using a focusing lens identical to the one used to focus the beam
on to the target. This measurement determines the spot size and
distribution of the laser at the focus, monitoring possitle fluctuations
in beam divergence due to self focusing or other disturbances as well
as fluctuations in the beam direction, and the overlap of the two
beams brought to the target collinearly.

III. RESONANT CHARGE TRANSFER PUMPING

1II. A. BACKGROUND

Binary collision processes have been the subject of an extensive
literature®. In particular there is a substantial literature describing
experimental and theoretical work on charge transfer processes during
binary collisions. This type of process is of particular interest
here since under appropriate conditions its cross-section -an be
extremely large and should dominate all other binary processes.

If this is indeed the case in a parameter space pertinent to soft
x-ray lasers, then this process can potentially be used to preferentially
fill a specific electronic level in two colliding species. If this
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level lies high enough then transitions to underpopulated lower lying
levels can fall in the soft x-ray spectrum. Further, if the densities
and rates are sufficient, an inversion and net gain should be possible.
This scheme for pumping a soft x-ray laser with its anomolously large
cross-section is described below. .

. Binary collisions can be described in terms of adiabatic
potential energy curves for the two particle system before and after
the collision. This is a valid approximation as long as the velocities
of the particles are low enough that they are small compared to the
velocity of the bound electrons (~ 108 cm/sec), and large enough that
the motion of the nuclei is classical. The general charge transfer
process can be written as follows:

A%t 4 B a®Ds 4Bt o4 g,

where B is a neutral atom and A is an ion and AE is the difference
between the potential energy of the initial and final configurations
at large internuclear separations, R. At infinite separation of

A%t and B the potential energy is assumed to be zero. The potential
curves for both the (AZ+, B) and (A(2-1)+ ] Bt) systems are shown in
Figure 32, The latter curve represents the Coulomb repulsion between
the two ions. In a precise quantum mechanical treatment these two
curves do not cross but there is a mixing of states at the classical
crossing point, R = X. Further, in any real situation there are
several possible final states (A+(z-1)) represented by the different
electronic levels of the A+t(Zz-1) jon, In Figure 32 these levels

are represented by the hatched area. Note that for different

levels the curve crossing points occur for different values of the
internuclear separation, R, and the AE's are different. In fact,

AE is in general a strong function of R. From the figure it can be
seen that if AE is negative there is no classical crossing point
and charge transfer is not very probable. Also if AE = O the crossing
point is at R = » and charge transfer is not very likely.

Several theories exizt to describe the charge transfer process.
landau and Zener (LZ) developed a semiclassical approximation using
time-dependent perturbation theory. This theory is applicable in
the low velocity adiabatic approximation described above. A later
more vigorous theory has been developed by Bates, Johnson, and Stewart
(BJS). A discussion of these theories and others is presented in
Ref. 2. The LZ theoryv predicts a large cross-section for a velocity
such that maximum time is spent with the two particles at separation
R = X. The most severe limit on this theory is that it is strictly
valid only for s-state initial and final states.

The BJS theory predicts the same large cross-section for low

velocities as the LZ theory but also predicts a second maximum in
the cross-section at higher energy due to interference terms in the
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quantum mechanical calculation. This second maximum in cross-
section is the one studied experimentally using multi-kilovolt ion
beams3. The very low energy maximum in cross-section has not been
observed due to the lack of low energy ion beams., However, this
process should be accessible to detailed studies with cold ions from
laser produced plasmas. Figure 33 gives a plot of the charge transfer
cross-section cLZ, from the LZ theory, as a function of relative
velocity for the case Z=2, It is seen that as AE/(Z-1) becomes
smaller, Ry, the crossing point,becomes larger and the cross-section
increases with the maximum moving to smaller velocities. As a first
approximation

1.Z 2 =2
g ~
max o
where a, is the Bohr radius. Hence it is seen that cross-sections
on the order of 100 12 are possible.

III. B. EXPERIMENT

Several considerations must be born in mind when using a resonant
charge transfer process for generating very short wavelength radiation.
First, the potential laser ion has many electronic energy levels.,

The level spacing is maximum, in general, near the ground state. As
one procceds to higher and higher excited ststes, the level spacing
and density of states becomes larger., Furthler, for the shortest
wavelengths, one uses higher Z ions. These ions have their ground
states at lower and lower potential., This is illustrated in Figure 34 4
for the case of hydrogen-like ions. The second consideration is that

ion-ion charge exchange is not possible due to the Coulomb repulsion,

and hence deep lying levels in ions are not accessible with this

process. Only ion-atom processes will work. Hence, the question is

which atom has the maximum ionization potential (IP) and hence will

reach furthest down into the level structure of the potential laser

ion., The best candidate is helium as shown in Figure 34 with an

IP = 24.6 eV, Other possibilities are H (IP = 13.6 eV) and Ne

(IP = 21.6 eV). Helium remains the best choice from another point

of view however; the second IP should be as high as possible to avoid

photoionization losses at the laser wavelength. The IP of Het is

54,5 eV, Also levels must exist on the ion and the atom which are

near resonance for a large cross-section., A final consideration is

that the source of ions is a laser produced plasma. One must be able

to create a plasma with a large population of a particular species of

ions. Recent laser plasma studies have shown that a given laser

pulse width and energy, one tends to "burn" down to a particular

closed shell configuration with a given target material. Energy

thresholds exist for '"burning'" away deeper lying shells. Hence, the

target ions for a charge transfer experiment will tend to be closed-skill

-type ions and the laser ions will be these ions with an extra

electron, i.e., hydrogen-like, lithium-like, sodium-like, etc,
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Given the above considerations, carbon appears to be a prime
candidate for a charge transfer laser scheme. The energy level
diagrams for Carbon IV and Carbon VI are given in Figures 35 and 36,
respectively, The resonant charge transfer possibilities are as
follows:

4+ (IS ) + He ( S ) > He +C (33,28%) (1)
4+ (IS ) + He ( S ) - He + C (31),2P!5 3/2) (ii)
6+ + He ( S ) - He + C (m=4) (iii)

TABLE II- RESONANT CHARGE TRANSFER REACTIONS

TYPE i
REACTION AE/(z-1) TRANSITION ¢ LASER
¢ nestiet >t (3s) .78ev s»s  >1004% 3ss2p 420 1)
“,ne»ue+,c3+(3p) .07ev s> p > 100 12 3p-2s (312 1)
C6+,He->He+,CS+(4) 1.16eV s»s >1004% 451 27 by
4 - 2 (135 1)
4 >3 (521 })

The potential laser wavelengths, AE's, etc.for these rea:tions are
listed in Table II. All of them represent very favorable situations.

The experiment to investigate this scheme using the (He,C)
combination is under construction. It consists of the NRL Glass
Laser racility as a source of 10 Joule, 30 psec pulses, a plane
carbon slab target in a vacuum chamber, and a grazing incidence
spectrograph. The laser is line focused onto the target with one
edge of the focus adjacent to the slit of the spectrograph. A pulsed
solenoid is availal.le to produce a 50 kG magrnetic field orthogonal
to the line focus. This magnetic field reduces the solid angle into
which the plasma expands and thereby maintains a higher ion density.
The helium ga. is allowed to fill the vacuum chamber and surround the
target just prior to the arrival of the laser pulse. This technique
permits the use of the vacuum spectrograph without the need for dif-
ferential pumping.The helium gas pressure is ~100 torr. A 1014 w/cm2
laser pulse can propagate through this amount of helium without
causing gas breakdown,
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iII. C. OPTIMIZATION OF THE NRL LASER SYSTEM FOR ULTRASHORT PULSES

The NRL glass laser system was originally optimized for pulse
durations of 250 psec to 1000 psec. Reoptimization of the system
for the shorter pulses (20 psec - 100 psec) required f~r x-ray laser
studies necessitated several changes in the system to achieve the
maximum output level.

The transmission mode selectors in the oscillator had to be
removed and the dye concentration and gain reduced to achieve shorter
pulses while still keeping the peak circulating power the same to
minimize self-focusing and self phase modulation. In this fashion,
clean Gaussian pulses 42 + 4 psec long (FWHM) were obtained. The
gain of the preamplifiers was then adjusted to amplify the single
switched out pulse to the maximum intensity which could be obtained
without self.phase modulation,

The staging of the amplifiers had to be modified somewhat to
optimize the output for the short pulses. Our experiments indicated
that the significant factor in determining the maximum level at which
small scale self focusing will be suppressed is the net gain through
the system for small scale self focusing. For velues of
.rIdz < 4,5 X 1011 W/em, very high quality beams are obtained from the
NRL system. Above this level beam breakup becomes evident. The NRL
system configured for nanosecond operation had exrcess gain to make up
for amplifier saturation. The isolation system in place in Dec '73
also contributed to the ga!n for self focusing since the high energy
densities at a nanosecond duration required stacked plate polarizers,
As configured the maximum level out of the laser in 40 psec at which
good beams were obtained was 16 Joules,

During the last six months several changes have been instituted
which have boosted the safe level from 0.4 TW to 0.55-0.6 TW:

(1) The new disc amplifier module has demonstrated a1 20%
higher gain coefficient than the prototype due to design
improvements. When the laser discs of ED-8 glass are
delivered by Owens-Illinois (lst quarter FY75) this margin

should increase to 40%.
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(2) Sufficient large aperture dielectric polarizers have been
delivered to replace the stacked plate polarizer and re-
duce the contribution of the final isolator to the self
focusing growth by a factor of 4.5.

! (3) Parasitic suppressing liquid rod claddings have been

| synthesized and tested at NRL and result in a 40% increase
in the gain coefficient of the French amplifiers and a
consequent decrease in the self-focusing growth rate in
these amplifiers,

By the end of FY'75, planned improvements to the system should
increase these levels to brtween 0.75 and 0.9 TW, dependent largely
on available funding. In appendix B, the laser system configuration
is detailed at greater length and the track record over the past year
is given for all programs (AEC, ARPA, and DNA).

i R i

IV, GENERATION OF COQHERENT VUV/SOF: X-RAY PULSES BY NONLINEAR MIXING

IV, A, BACKGROUND

The Generation of short wavelength coherent radiation through

& harmonic generation and nonlinear mixing of laser pulses has been
shown to be effective in producing ligh* at wavelengths down to
1000 1. Extension of these techniques to shorter wavelengths is an
attractive method of producing coherent soft x-radiation because the
generated radiation maintains the spatial and temporal coherence of
the pumping radiation., With the conversion efficiencies reported to
date, however, pulses generated in the VUV range as harmonics of a
Nd:YAG laser at 1.06 u are too weak to use as sources for driving
higher order nonlinear interactions.

There have also become available molecular lasers operating
in the spectral range between 1100 and 1800 X (e.g., Hp, Xe, CO).
When operated as travelling wave oscillators, these lasers produce
powers in the range of 106 W, which is again too low to serve as a
source for pumping high order nonlinear processes. However, when
used as an amplifier for picosecond pulses generated externally in the
VUV range, they hold promise for providing the needed additional
energy for driving the higher order nonlinear interactions.

This section describes an approach to the generation of intense
mode-locked pulses in the VUV spectral range for use as pump radiation
in third and higher order nonlinear optical mixing processes. The
discussion emphasizes the production of pulses of high energy, short
pulse duration, and high beam quality (temporal and spatial). In
addition, since the pulses are to be amplified in molecular laser
amplifiers which have narrow amplifying bandwidth, typically A} = 0.1 ﬁ,
it is impossible to use only successive stages of harmonic generation
to produce VUV pulses and expect them to overlap spectrally with one
of the amplifer gain lines. Consequently, in combining two or more
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wavc lenzths to produce the VUV pulses, it is necessary that at least
one of sources be tunable with accuracy sufficient to insure overlap

between the generated radiation and the gajin distribution of the laser
amplifier.

The basic technique is outlined in Figure 37. Light from a Nd
laser at 1.06 un is converted into ultraviolet radiation at either the
third or fourth harmonic in each of two parallel arms. The ultra-
violet radiation in each arm is used to pump a mode-locked tunable
laser with an output wavelength in the range of 4800 K. The outputs
of the two tunable sources are combined as shown, and mixed in a vapor
cell to give a mode-locked pulse at a frequency wq = 20y + Wy, By
using two tunable sources, we gain the ability to tune one of them,
#y, into coincidence with a two photon resonance in the mixing

vapor, enhancing the efficiency of the mixing process. By tuning

we the frequency of the generated light, w3, can be made to coincide
with the desired gain line of the VUV amplifier.

IV, B. HARMONIC GENERATION

The first s'ep is to generate the third or fourth harmonic of the
laser output in order to provide a pumping source for the tunable laser.
The pr mary consideration is to provide maximum conversion to the
pumping wavelength radiation while maintaining the spatial quality
of the input beam. The choice between the third or fourth harmonic
depends on the type of tunable laser to be pumped. It is shown
below that a single pass parametric down converter pumped with the
fourth harmonic at 2660 £ is the best tunable laser for our application,
Therefore, the remainder of this section will describe the results of
two successive stages of second harmonic generation,

The conversion efficiency for second harmonic generation (SHG) from a
plane wave at wavelength Al propagating 1in a crystai of length L is
given by

2w i - 2 2xd
= T = tanh = v El L ¢))

w 1 1

where d is the effective SHG coefficient and Ey, 1s the electric field
amplitude of the fundamental beam. Whereas Eq. (1) predicts 100%
conversion for sufficiently powerful beams, this value is seldom
achieved in practice. Reasons for failure to achieve complete con-
version include walk-off of the two beams due to birefringence in the
nonlinear crystal, variation in fundamental beam intensity due to
diffraction, and lack of perfect phase matching due to beam divergence
or imperfect beam quality. These effects limit the interaction length
over which efficient conversion can be obtained and lower the net con-
version when the effective interaction length is less than the crystal
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length. KDP has been chosen for the first stage of second harmonic
generation., Although there are alternative crystals which could be
used (e.g., LiNbO3 with a larger SHG coefficient, or CDA with 900 phase
mat<hing to eliminate birefringence walk-off), several considerations
make KDP an optinwum choice. The crystal must be available in good
optical quality in sizes large enough to accept the full beam aperture
of 1.25 cm, and have a sufficiently high damage threshold to with-
stand output power of 1010 W/cm? at this aperture. KDP is the only
material currently available which meets these requirements and at the
same time has low absorption at 1.06um. Although the crystal is phase
matched by angle tuning, no loss of performance is anticipated due
either to birefringent walk-off or loss of intensitv due to beam
spreading. At the phase matching angle of 41° 12', the walk-off
distance is 170 cm and the Rayleigh distance of the fundamental beam
is 60 m. Consequently, for a crystal of 5 cm, the plane wave result
in Eq. (1) should apply. In preliminary experiments conversion
efficiencies of 567 have been observed in a KDP crystal of 5 cm

length at an input power of about 3 X 109 W/em?. This is somewhat
less than that predicted by Eq. (1) and the deviacion may result from
the fact that the bear divergence angle (125 urad)is comparable to the
width of the phase matching peak (150 prad). The conversion efficiency
is expected to improve if the beam diameter is doubled, reducing the
divergence angle to about 60 yrad. For the next second harmonic
generating section, temperature tuned ADP was chosen as the nonlinear
element, Here 90° phase matching is possible between 5300 X and

2660 X at a temperature of 50°C., Use of ADP for this step is dictated
primarily by its relatively low absorption as 2660 k. 1In addition, it
has approximately the same damage threshold as KDP and the 90° phase
matching allows for extended interaction lengths.

We have observed generation of the fourth harmonic of the Nd:YAG
laser in a 2.5 cm crystal of ADP with 57/ conversion of the output
of the KDP crystal at 5300 £. Both of these conv-rsion efficiencies
are comparable to the h.ghest reported values for Lasers in this power
regime,

IV, C. TUNABLE LASERS

Two types of tunable lasers which are compatible with pumping by
picosecond pulses were considered: tunable dye lasers and parametric
down converters. Both types have advantages and disadvantages and the
choice of one over the other depends to a large extent on the re-
quirements of the output signal and the available pumping source.

Tunable dye lasers have been pumped with mode-locked lasers for
several years, and a considerable amount of information is available
concerning their characteristics. They are capable of generating
pulses comparable in duration to the laser pumping pulse with con-
version efficiencies on the order of 107, in the wavelength range of
interest. The beam is well controlled both temporally and spatially
and can be filtered spectrally to produce pulses which are time-
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bandwidth limited. However, the nature of the device requires that
the tunable laser operate in the form of a cavity, in which the
generated pulse is recirculated for amplification in the dye by
successive nulses from the mode-locked train. This restricts the
operation of the dye laser to relatively low pulse energies, since the
entire pulse train cannot be amplified in existing amplifier systems.,

Parametric down converters have also been studied in great detail
for use in frequency conversion of Q-switched and CW lasers. Most
of the work has involved resonators to provide extended build up time
for the signal., Parametric conversion las also been observed on a
single pass using both Q-switched? and mode-locked3 pulses, with con-
version effeciencies for the mode-locked pulses in excess of 1%.
This technique appears to be attractive for use in the present system
to generate tunable visible radiation from the fourth harmonic of the
Nd:YAG laser. The proposed system is shown in Figure 38, By using
temperature tuned ADP for the parametric down conversion, light can
be generated across the entire visible region of the spectrum as
shown by the tuning curve in Figure 39. The first crystal is used to
generate a single pass parametric amplifier, providing most of the
conversion. In the space between the crystals, the beam is to be
cleaned up both spatially and spectrally,

The projected performance of the two types of tunable lasers
are compared in Table III. The parametric down conversion scheme is
seen to have two distinct advantages over the tunable dye lasers,
First, since it is effectively a stimulated process in the high gain
limit significant pulse shortening is predicted. This aspect is most
important in the present application since the subsequent high order
nonlinear processes to be driven with these signale will depend
strongly on the available laser intensity. Secondly, since it is a
single pass device, a larger starting energy is available off setting
the expected lower conversion efficiency. These two effects combine
to give pulses which are about 8 times more intense with the parametric
converter then with the dye laser.

The outputs of the two tunable lasers that are to be combined as
shown in Figure 37. The path lengths can be adjusted in the geometry shown
so that the combined pulses overlap in time. The 90° rotator is used so that
the two beams can be combined with minimum loss with a polarizing prism, The
quarter wave plate circularly polarizes the two beams with opposite sense,
for use i the mixing process.

The VUV radiation is generated by combining the two beams in a cell
containing an appropriate nonlinear medium in a three wave mixing inter-
action. As a specific example, light at 1610 &, appropriate for amplification
in a2 Hy laser, can be generated in Sr vapor as shown in Figure 40. Two
photons with frequency W2 to generate a third frequency wg = 2w1 + Wy,

The interaction is described bv the third order susceptibility

63




R SIS i el S e e e e T Tk & E
[ CRYSTAL # 1 CRYSTAL # 2 :
| SINGLE PASS GENERATOR  PARAMETRIC AMPLIFIER |
I - L2 | @2
| —gpe *Y 4

wy e e P s e i ey e Ty e e e W T e Mo (o (e e (T =S -

o wq
(Ay=2660 A) wp, w3 (TUNABLE)

(X, ~ 4500-5000 A)

Figure 38 Schematic diagram of single pass tunable parametric generator.
Crystal #1 provides high gain with relatively low spectra. and
spatial discrimination. Crystal #2 provides some what lower
gain with high spectral and spatial discrimination.
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Figure 40 Partial energy level diagram of Sr showing two photon resonantly
enhanced sum frequency generation as w, = 2y + w_., w, is
3 1 2 3
tuned by tuning w,.
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By tuning @  to a two photon resonance, the optical mixing process will
be resonant}y enhanced, but the absorption will remain small. For the
case indicated in Figure 4, this occurs for Ay = 4779 L. The output
wavelength is then adjusted by tuning ®wy and can be tuned to the H,
amplifying line at 1610 X when %, = 4900 A,

Circular polarization is used to suppress third harmonic generation
from either of the two input beams independently. Third harmonic
polarization fram a circularly polarized beam is forbidden in an
isotropic medium because it does not conserv> angular momentum. The
three wave mixing process is allowed, however 1if the beams are polarized
in opposite senses and the generated wave is circularly polarized in
the same sense as Wy

The process indicated has been observed by other workers4 using
pulses from tunable dye lasers. By scaling iheir results to the
present experimental situation, an estimate for the overall conversion
efficiency and generated pulse energy at 1610 ! radiation can be
made and is shown in Table III. The signal is then fed into a H, laser
for amplification. Because of the high gains involved, the picosecond
pulse should be capable of depleting the stored energy and result in
pulses containing between 1 and 5 mJ lasting for approximately 10 psec
and corresponding to a power of between 1 and 5 X 108 w.

The gain line width of 0.1 i corresponds to a frequency width of
4 em~l. This width sheould be capable of supporting a pulse of 6 psec
duration so that the mode-locked pulse should not be lengthened in the
amplifier. By tuning the parametric converters to other wavelengths
and using appropriate mixing vapors, it should be possible to produce
pulses at other wavelength in the VUV range that can be amplified with
Hy, CO, and Xe amplifiers.

Following amplification, the pulses can be used as pumping
radiation for third harmonic generation is a manner analagcus to the
mixing process shown in Figure 40. Neutral He gas can be 1sed as a
nonlinear medium for generating wavelengths down to about 480 k. For
shorter wavelengths, ionized species of alkali metals (e.g., Li) can
be used for successive stages of third harmonic generation or higher
order odd harmonic generation directly from the amplifier output.

REFERENCES
L S. E. Harris, Phys Rev, Lett. 31, 341 (1973).

2, J. M. Yarborough and G. A. Massey, Appl. Phys. Lett. 18, 438 (1971).

68




3. A. Laubereau, L. Greeter and W. Kaiser, Appl. Phys. Lett. & »
87 (1974).

4, R, T. Hodgson, P. P. Sorokin and J, J. Wynne, Phys Rev. Lett. 32,
343 (1974).

IV, D. HYDROGEN AMPLIFIER

The essential ingredient in any nonlinear optical mixing approach
to the generation of short wavelength radiation is a means to maintain
high peak intensities. By definition nonlinear mixing processes are
more efficient at high {atensities. However, to go from the visible or
near IR as in the case of 1.06mradiation to the soft x-ray region
requires a cascade of several processes each of which has associated
losses, Hence,a gain medium at as short a wavelength as possible is
required if significant powers are to be generated in the far VUV or
soft x-ray region. The shortest wavelength laser demonstrated to date
is the hydrogen laser at ~ 1160 ! and ~ 1600 £. This laser was
developed simultaneously by groups at IBMl and NRLZ. It is a re-
sonatorless, single pass ASE device and hence does not offer the
possibility of a coherent intense source to use for nonlinear mixing
processes., It is a high gain medium in the 1600 ! region, however,
and as such offers potential for an amplifier of coherent radiation
in this region. Other possibilities are the rare gas
(Xep, Krp etc) at similar wavelengths.

®

The hydrogen laser is a TW discharge ASE configuration was developed
at NRL. As such, this technology offers a convenient starting point
for developing a Hyp amplifier at 1600 L. The NRL Hy lasers has
characteristics as given in Table IV. This system, as presently
canfigured , could be used as an amplifier. Because of the high gain,
the incoming pulse would saturate the system, For a 25 psec pulse the
output would be on the order of 108 Watts/cm2, There is reason to
believe that this can be significantly improved. It was recently
reported in the Russian literature3 that a H, laser can be made ‘o
operate at atmospheric pressure. The Russian device was a TW dis-
charge system 0.006 cm X 1 cm X 35 cm. It produced 0.5 nsec, 0.5 mJ
pulses. Because of the higher gas pressure the stored energy d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>